The transient absorption phenomena observed close to the cathode during the electrolysis of dilute aqueous solutions of metal ions have been des cribed.1-3 In a more recent paper,4 a full report of the dependence of the absorbance on experimental par ameters was given. There was a linear dependence on concentration, showing the potential analytical useful ness of the effect. Furthermore, experiments were de scribed and discussed, from the results of which it was deduced that the signals observed were due to the formation of hydroxo-complexes arising from inter action of the metal ions with hydroxide ions gener ated as a reduction product of surface platinum oxide, formed during the anodic pretreatment of the elec trod e.
Although, at that stage, the various effects observed had been satisfactorily accounted for in terms of the che mistry of the system, it was felt that to pursue the potential analytical usefulness, a proper theoretical quantitative basis was required. In view of the some what complex nature of the process occurring at the cathode, controlled by the kinetics of reduction of the surface platinum oxide as well as by the diffusion of hydroxide ions and metal ions in solution and the kinetics of their interaction, it was decided to investi gate systems in which only diffusion and electron transfer processes would be operative. Accordingly, reactions involving a single oxidized and single reduced species, both of which remain in solution, were studied, and results obtained with organic mol-
• Part of the experimental work described herein was carried out at Imperial College, London and part at the University of Aberdeen, Old Aberdeen, Scotland.
ecules of this type as the electroactive species are reported here. The quantitative relationship between absorbance and a number of experimental parameters is derived and discussed in the light of the results obtained, and in relation to the analytical po tential of the system.
THEORETICAL QUANTITATIVE BASIS
The spectroelectrochemical arrangement is shown in Fig. la . It is assumed that (1) the electrode reaction being monitored is Ox + ne ___. Red, (2) that mass transport in the solution is by semi-infinite linear dif fusion and (3) that only the species Red absorbs at the wavelength of observation.
Absorbance measured normal to the electrode surfaces
Consider first the situation shown in Fig. lb, i. e. where the light-beam passes normally through an optically tn:nsparent electrode. The variation of absorbance with the appropriate experimental par ameters has already been established for chronoam perometric conditions (i.e. the absorbance is moni tored following a potential step).
The usual starting point for the derivation is the Cottrell equation is the time since the start of the electrolysis (sec), F is the Faraday constant (coulombs), which is derived from a solution of Fick's laws of diffusion under the appropriate boundary conditions In reference 10, the un necessary simplification is made of assuming the diffu sion coefficients of the oxidized and reduced species to be equal. The equation has also been derived by integrating the appropriate function for C R with re spect to x, the distance from the electrode surface.
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If the reduced species occupies a volume V ml then and the concentration of the reduced species is given by C R = C&erfc(z) (3) where the units of C R are mole/ml. The path-length of a beam of light passing normally through the electrode surface in the absorbing part of the solution will be V/a cm, and thus the absorbance will be given by (4) Substituting in equation (4) for C R from equation (3) and for Q from equation (2). (5) where C& is now the bulk concentration of the oxi dized species in mole/I. Similar. though somewhat abbreviated, derivations have been given by Kuwana et al. This integral is evaluated numerically and can be found in standard tables.
At first sight, it may seem strange that the absor bance-time behaviour does not depend on the diffu sion coefficient of the reduced species, the chemical entity actually being monitored. However, it must be remembered that the conditions in the diffusion layer are such that both concentration and path-length are changing and that, qualitatively speaking, if the reduced species is moving slowly the path-length will be short but the concentration high, and conversely if the reduced species is moving quickly then the path length will be long but the concentration low.
It can be seen from equation (5) that, as far as absorbance is concerned, the diffusion layer behav iour is exactly equivalent to a situation in which the concentration remains constant (at a value equal to the bulk concentration of the oxidized species) and the optical path-length is given by 2(
Absorbance measured parallel to the electrode surface Considering now the situation in Fig. la , where the absorbance parallel to the electrode surface, A p , is measured. If the height of the light-beam is h, then the concentration that the beam would detect, C R , is given by
This is shown in Fig. le . Now for the absorbance of the reduced form, A P R = E R IC R where I is the path-length on the elec trode surface. Therefore
So far, only the reduced species has been considered as absorbing, but to account fully for the variation of absorbance with wavelength, the absorbance of the oxidized species must be taken into account. Although this aspect of the system has not been con sidered in any of the publications cited above it can be shown by arguments analogous to those presented for the reduced species that 21 (
where A' is the initial absorb;mce and Eo is the molar absorptivity of the oxidized species. A' is, of course, given by A' = E01C'g. Thus, in the experiments described here, the com plete picture during electrolysis is that the absorbance is made up of three components, namely (1) the absor bance of the oxidized species outside the ends of the electrode, (2) the absorbance of the oxidized· species within the path-length on the electrode surface and (3) the absorbance of the reduced species within the. path length on the electrode surface.
If the cell path-length is Lem then the total absor bance B 2/ ( D t )
In the experiments described here, the absorbance before electrolysis starts, e 0 LCt. is set to zero, so
Equation (7) is not quite the complete picture, as the absorbance will reach a maximum value when the "boundary" has diffused far enough from the electrode · to fill the light-beam completely (see Fig. le (8) Although equation (7) has been derived for a reduction at the electrode surface, the argument applies equally to an oxidation, when the resulting equation would be In deriving equation (7), no consideration has been given to longitudinal diffusion. This will only occur at the ends of the electrode, where there is a concen tration gradient in a longitudinal direction. The occurrence of longitudinal diffusion will not affect the overall absorbance-time behaviour, as the number of absorbing centres in the light beam at any one time remains the same. The phenomenon has not been considered in previously reported electrochemical studies, as the regions of the solutions sampled by a light beam passing normally through an electrode contain a concentration gradient in only one direc tion.
EXPERIMENTAL ·

Apparatus
This was as described previously.
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Reagents
Three compounds were used: 4-amino-4'-methoxydiphe nylamine (Variamine Blue), tris(S-nitro-1,10-phenanthro line)iron(II) perchlorate (nitroferroin) and 4,4'-diamino-3,3'-dimethylbiphenyl (o-tolidine). The Variamine Blue was recrystallized before use. Analytical reagent grade potassium sulphate or sulphuric acid was used as back ground electrolyte.
Procedure
The function generator was preset to provide a step · function so that the electrode in the light-path became either the cathode or the anode. A 5-ml portion of the working solution, the bulk of which was continuously deoxygenated with oxygen-free nitrogen, was transferred to the electrolysis cell and deoxygenated for a further 60 sec. During electrolysis the solution was kept under nitrogen.
The initial transmission at the appropriate wavelength was set to 100% by adjusting the gain. The zero of the chart recorder was set with the light-beam interrupted by an opaque material. The chart-recorder was started and the function generator was then .switched to its preset value and the absorption signal recorded as a function of time, i.e., the experiments were the spectroelectrochemical ana logue of chronoamperometry. The solution was finally l l o-tolidine experiment the diffusion coefficient of nitro ferroin is calculated to be 2.2 x 10 -6 cm 2 /s.
Variation of absorbance with wavelength
The term in equation (8) governing the variation of absorbance with wavelength is the term including the molar-absorptivity difference. Thus the spectra obtained at the electrode surface should be the differ ence between the spectra of the oxidized and the reduced forms. This was verified by obtaining the spectra of the various compounds studied, with a double-beam spectrometer. The results are shown in Fig. 5 . A comparison of these spectra with those in Fig. 3 shows excellent agreement between predicted and observed spectra, particularly in the case of Var iamine Blue, the oxidized and reduced forms of which both absorb over the wavelength range studied. Care must be taken in interpreting the spectra obtained during spectroelectrochemical studies, as they may not arise from just one species.
Variation of absorbance with concentration
The theory predicts that there should be a linear relation between absorbance and the bulk concentration of the species diffusing towards the electrode, provided all other factors in the equation remain con stant. This, of course, is the basis for the potential analytical usefulness of the technique. The analytical growth curves described earlier were obtained by recording absorbance as a function of time until a maximum value was reached, and plotting this absor bance maximum as a function of concentration. For o-tolidine, ten calibration points were recorded over the range 0 -1.6 x 10-5 M.
A least-squares fit of the best straight line yielded a slope of 5.6 x 10 4 !./mole, intercept 1.2 x 10-3 , cor relation coefficient 0.99948, and standard deviation of the scatter 9.2 x 10-3 _ The theoretical slope was cal culated to be 5.3 x 10 4 1./mole.
Variation of absorbance with height of light-beam
The theoretical A vs. h plot is shown in Fig. 6 for o-tolidine at 10, 30 and 60 sec after the start of the electrolysis. The experimental results in Fig. 4 show curves of a similar type though the agreement is not particularly_good, most likely because of the difficulty of obtaining an accurate value for h with the appar atus used. However, as already mentioned, in using the technique it is not necessary to know the indivi dual values of I and h, only their ratio, and this may be obtained from the electrolysis of a compound of known molar absorptivity and diffusion coefficient.
APPLICATIONS
Quantitative analysis
Spectroelectrochemical techniques have potential as quantitative analytical methods as the reaction conditions within the diffusion layer are highly repro duci ble and so problems associated (in conventional spectrophotometry) with the kinetics of the colour forming reaction, such as ensuring the colour is fully developed or is measured before it fades, are over come. Obviously, the methods are only applicable to oxidation-reduction systems, but subsequent reac tions of electrolysis products may also be monitored, thus extending the possible scope. This is well illus trated by the example of the analytical growth curves obtained for the reaction of metal ions with hydroxide ions generated by the electroreduction of surface platinu m oxide, reported previously. 4 Existing spec troelectrochemical techniques have not found appli cation in quantitative analysis to date; one of the reasons is probably the inherently poor sensitivity of existing methods, because of the very short path length in the absorbing medium.
With o-tolidine as a model compound, it has alr eady been shown that for the method ·described here, the slope of the calibration curve is 5.5 x 10 4 !. /mole (sensitivity 8 x 10-sM for 1% ab�orption) l\ith an absorbance maximum reached after 125 sec. This may be compared with other spectroelectro chemical methods, as follows.
Internal reflection spectroscopy. The equation for the absorbance--time behaviour is
15 values, and to the elucidation of reaction mechanisms. In addition to the advantage of high sensitivity, the technique described here (giving good signal to noise characteristics without the need for repetitive ac cumulation of data) has a number of other advan tages. The light-beam does not pass through the elec trode surface and thus there is no interference from the absorption spectrum of the electrode material, the usable wavelength range being determined by the transmission characteristics of the solvent. There will be no interference from non-Faradaic absorption pro cesses and there is no limit to the type of electrode that may be used provided the surface does not become deformed during the experiment. The appro priate equations f or more complicated electrode reac tions may be readily derived by modifying the equa tions already derived in the literature to allow for the path-length on the electrode surface and the height of the light-beam. The speed of response of the system may be changed by changing the value of h, the lower limit being set by the spectrophotometer's ability to cope with low light-levels. The disadvantages of the technique may be that layers of solution very close (100 nm or so) to the electrode surface cannot be monitored and that deviations from the theoretical behaviour may occur owing to effects at the ends of the electrode.
